Ionic self-assembled multilayers (ISAMs) adsorbed on long period fiber gratings (LPGs) can serve as an inexpensive, robust, portable, biosensor platform. The ISAM technique is a layer-by-layer deposition technique that creates thin films on the nanoscale level. The combination of ISAMs with LPGs yields exceptional sensitivity of the optical fiber transmission spectrum. We have shown theoretically that the resonant wavelength shift for a thin-film coated LPG can be caused by the variation of the film's refractive index and/or the variation of the thickness of the film. We have experimentally demonstrated that the deposition of nm-thick ISAM films on LPGs induces shifts in the resonant wavelength of > 1.6 nm per nm of thin film. It has also been shown that the sensitivity of the LPG to the thickness of the ISAM film increases with increased film thickness. We have further demonstrated that ISAM-coated LPGs can function effectively as biosensors by using the biotin-streptavidin system and by using the Bacillus anthracis (Anthrax) antibody-PA (Protective Antigen) system. Experiments have been successfully performed in both air and solution, which illustrates the versatility of the biosensor. The results confirm that ISAM-LPGs yield a reusable, thermally-stable, and robust platform for designing and building efficient optical biosensors.
INTRODUCTION
This research is based upon the exceptional sensitivity of ionic self-assembled multilayers (ISAMs) adsorbed on optical fiber long period gratings (LPGs) embedded in optical fibers for use as a highly sensitive biosensor platform. These biosensors have the potential to be extremely versatile, robust, and easy to use and could have important applications in medicine, pharmacology, food safety, the military and the environment.
The ISAM technique is a layer-by-layer deposition technique that is used to form nm-thick films on the surface of an optical fiber that are held together by the ionic bonds created between two oppositely charged polyelectrolyte solutions. 1 Optical fibers with internal LPGs yield a multiple order of magnitude decrease in the transmitted light intensity at the resonant wavelength. This intensity decrease at specific wavelengths can be measured using an optical spectrum analyzer (OSA) and light source set-up connected to the optical fiber. The resonant wavelength shifts as a function of the nm-thick films on the surface of the fiber. For this reason, LPGs have been considered for sensing applications, though, generally for bulk refractive index effects.
We have shown theoretically that the resonant wavelength shift for ISAM coated LPGs can be caused by varying the refractive index and/or the film thickness. 2 The sensitivity of the sensor can be increased by implementing films that have a refractive index greater than silica. We have demonstrated experimentally that depositing nm-thick ISAM films onto the LPG induces significant shifts in the resonant wavelength. 3 Here, we describe extension of the prior results to turnaround point (TAP) LPGs, which show a broadband attenuation that shifts in strength rather than wavelength. Furthermore, we show that ISAM-coated LPGs can function effectively as biosensors by utilizing the biotin-streptavidin system and by using the Bacillus anthracis (Anthrax) Protective Antigen (PA) and its antibody. We have also obtained experimental results that demonstrate that tests can be performed in solution as well as in air and the same sensitivity is achieved in both instances. This is very promising because it shows that our results are not compromised by performing experiments in solution. We have, in addition, demonstrated the need to use polyelectrolytes with high refractive indices when building ISAM layers on the fiber. We have also shown that incorporating silica nanoparticles into the biosensor platform creates a more sensitive sensor by providing increased film thickness and surface area for binding of molecules. Recently, we have utilized new LPGs that are designed to be much more sensitive to changes in film thickness and refractive index than the prior LPG we have been working with. The new LPGs can produce a decrease in transmitted light intensity that is just over three times greater than that of the prior LPGs. The aforementioned results confirm that ISAM-LPGs yield a reusable, thermally-stable, and robust platform for designing and building efficient optical sensors.
Methodology
In the ISAM deposition technique, which is also known as the layer-by-layer deposition technique, a negatively charged substrate (which is the optical fiber in this case) is placed into a polycation solution where it adsorbs a layer of polycation molecules. Then, the substrate is removed and rinsed in deionized water. Next, the substrate is placed into a polyanion solution, where it adsorbs a layer of polyanion molecules. Again, the substrate is removed and rinsed in deionized water. These steps are repeated to create a multilayered thin film. Each layer is about 1 nm thick, but the thickness can be varied between 0.5 nm and greater than 5 nm by altering the pH and ionic strength of the immersion solutions. 4 The polycation used in this work is poly(allylamine hydrochoride) (PAH) and the polyanions are poly{1-[4-(3-carboxy-4-hydroxyphenylazo)-benzensulfonamido]-1,2-ethanediyl, sodium salt} (PCBS), poly(acrylic acid) (PAA) and sodium poly[2-(3-thienyl)ethyloxy-4-butylsulfonate] (PTEBS). Figure 1 shows a typical example of the strong shift in the LPG resonant wavelength as the number of bilayers of the PAH/PCBS ISAM film (and hence, its thickness) is increased. In an optical fiber, light propagation can be described in terms of a set of guided electromagnetic waves called the modes of the optical fiber. Each guided mode is a pattern of electric and magnetic filed distributions that is repeated at equal intervals along the length of the fiber. An LPG embedded in the core of a single-mode optical fiber ( Figure 2 ) can cause light to couple from the core mode to the cladding mode. Mode coupling is the transfer of energy between modes, and it generally takes place between the core mode and higher order cladding modes. 5 In certain cases, the cladding modes may have a turnaround point (TAP) where the slope dΛ/dλ res of the phase-matching curve (where Λ is the grating period and λ res is the resonant wavelength) switches from positive to negative as illustrated in Figure 3 . 6 The curves demonstrate the wavelengths where coupling occurs for different grating periods. The TAP of the cladding mode shifts to shorter wavelengths as the order of the cladding mode increases. Gratings operating around the TAP are much more sensitive to changes in the surrounding environment, such as the thickness and refractive index of the film on the fiber cladding. TAP LPGs are therefore, much more useful as biosensors than LPGs operating away from the TAP. Most importantly, at the TAP, the sensitivity of the LPG is manifested as a change in strength of the broadband attenuation, rather than a shift in wavelength of the narrowband attenuation. 
RESULTS AND DISCUSSION
As demonstrated in Figure 4 , the fiber was etched to the TAP using hydrofluoric (HF) acid to show that LPGs with ISAM coatings can serve as extremely sensitive optical intensity based biosensors. The LPGs operating point was set near the TAP when immersed in phosphate buffered saline (PBS) solution. There are two benefits to this optical intensity based TAP LPG biosensor. First is that biosensor systems can be constructed with inexpensive photodetectors instead of expensive optical spectrum analyzers. Second is that the LPGs sensitivity is significantly increased when the operating range is set near the TAP of the LPG. This illustrates the versatility of the biosensor since experiments can be performed in solution as well as in air. In Figure 4 , it can be seen that as the cladding is etched, the two narrowband LPG peaks move closer together until they merge into one single broadband attenuation peak, which then decreases in magnitude. To illustrate the function of the LPG as a biosensor, 1.5 bilayers of PAH/PCBS ISAM film were deposited onto the fiber. Then, the B-vitamin biotin was deposited on top of the film as the probe molecule. Next, increasing concentrations of the protein streptavidin (SA), which is specifically recognized by biotin, where deposited as the target molecule. Figure  5 shows the changes in the LPG transmission spectrum as it is exposed to the increasing concentration of SA. As the concentration of SA increased, the strength of the attenuation of the LPG increased as well. Here, the single broadband attenuation peak eventually splits into two separate peaks after the concentration of streptavidin is larger than .075mg/ml. This is due to the particular characteristic of the TAP LPG. It is important to note that it is possible to reuse the LPG by removing the ISAM films and target and probe molecules with a mixture of sulfuric and nitric acid, and we have done so more than ten times for a given grating. Figure 6 is an illustration of an optical-intensity based biosensor which uses the anthracis antibody-protein system [bare LPG -> ISAM -> antibody -> antigen], measured in air. Here, 1.5 bilayers of ISAM film were deposited onto a bare LPG at the TAP in air. As can be seen there is a large increase in the attenuation strength at the resonant wavelengths. Next, the anthrax PA antibody was deposited onto the LPG as the probe molecule. Again, there was a significant decrease in the transmitted light intensity. Lastly, when the anthrax PA protein (i.e. target molecule) was exposed to the fiber at a concentration of 0.1 mg/ml and detected by the antibody (i.e. probe molecule) and binding took place, there was again a noticeable decrease (~50%) in the transmitted light intensity at the resonant wavelength. Figures 7 (a) and (b) are a comparison of the ISAM sensitivity experiment in air and in PBS using PAH/PCBS. As the number of bilayers is increased, the strength of the attenuation and the sensitivity of the LPG ais increased as well. This is because as the ISAM film thickness increases the LPG operates closer to the TAP, which is the highest point of sensitivity in the fiber. It is important to note here that changes in the attenuation are essentially the same for both experiments. This is important because it demonstrates that the sensitivity is not compromised by performing an experiment in solution, and many of the real-world applications of biosensors are ideally performed in situ in solution.
In Figure 7 (b) there is some repeatable "noise" in the spectrum, which may be due to the HF etching process of the fiber, but further testing will have to be done to verify this. However, since it is the same for every spectrum this "noise" does not significantly affect the results. Figure 8 is an ISAM sensitivity experiment with the polyelectrolytes PAH/PAA. PAH and PAA are both low refractive index materials, so there is only a tiny decrease in the transmitted light intensity at the resonant wavelength. However, when a higher refractive index material, such as PCBS is used in correspondence with a low refractive index material, such as PAH, as seen in Figures 7 (a) and (b), there are much larger shifts in the transmitted light intensity at the resonant wavelength. Thus, one way to make a more sensitive sensor is to incorporate polyelectrolytes with higher refractive indices into the platform.
In Figure 9 , PAH is the polycation and PTEBS is the polyanion. PTEBS is a water soluble thiophene polymer. It has an orange color in basic solutions and a dark green color in acidic solutions. It was anticipated that PAH/PTEBS would have yielded a more sensitive response than PAH/PCBS. While it had been thought that PTEBS would have a higher refractive index than PCBS, this was not the case. In comparing Figure 9 with Figure 7 (a) it can been seen that it took 10 bilayers to get to the TAP for the PAH/PTEBS experiment, while for the PAH/PCBS experiment, it took only 4 bilayers. We have also examined incorporating silica nanoparticles into the ISAM films. Nanoparticles provide increased film thickness and surface area for binding of target and probe molecules. nanoparticles, there is a very significant decrease in the transmitted light intensity at the resonant wavelength. If larger silica nanoparticles were to be used, there would be an even larger shift in the light intensity. Figure 11 shows a similar experiment as in Figure 10 , except that the fiber was etched beyond the TAP. In comparison with the PAH/PCBS experiment in air (Figure 7 (a) ), it can be seen that this experiment does, in fact, have larger shifts in the transmitted light intensity for each bilayer of PAH/PCBS, which verifies that using silica nanoparticles can provide a more sensitive biosensor platform. Figure 12 (a) is a repeat of the ISAM sensitivity experiment in air with PAH/PCBS using a new, more sensitive LPG. These new LPGs are designed to be much more sensitive to changes in the film thickness and refractive index than the old LPGs that we have been working with and can exhibit ~30 dB total attenuation as compared to ~12 dB attenuation with the prior LPG. As can be seen in comparing Figure 12 (a) with Figure 12 (b), the shift near the TAP for each bilayer of PAH/PCBS for the new LPGs is just over 3 times greater than that of the old LPGs. These are very promising results because much more sensitive biosensors can be created from these new LPGs.
CONCLUSION
LPG-based biosensors are inexpensive, portable, and robust. The LPGs resonant wavelength shifts as a function of the thin films on the surface of the fiber cladding. Gratings that operate around the TAP are much more sensitive to changes in the surrounding environment, such as film thickness and refractive index, and exhibit a change in attenuation strength rather than shift in wavelength. The sensitivity and utility of the ISAM LPG biosensor platform has been verified by using a biotin-streptavidin and an anthrax antibody-antigen pair. It has also been demonstrated that as the number of bilayers of ISAM film on the fiber cladding is increased, the sensitivity of the LPG, in turn, is increased. Furthermore, experiments can be performed in solution as well as in air without changing the sensitivity. It has been shown that using polyelectrolytes with high refractive indices produces optimal LPG sensitivity, which leads to a more sensitive biosensor. Another way to develop a more sensitive sensor is to incorporate silica nanoparticles into the platform to yield increased surface area and film thickness. Lastly, newer much more sensitive LPGs have been obtained, which will allow for significantly more sensitive biosensors.
